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substantially better than the millimeter-scale resolution now possible in spatial density mapping using magneto-transport.
Our results establish that μPL can be used as a reliable high spatial resolution technique for future contactless measurements of density variations in a 2D electron system. Engineered two-dimensional electron systems (2DESs) provide a fertile ground for studying fundamental physical phenomena, including the integer quantum Hall effect (IQHE) and the fractional quantum Hall effect (FQHE) . Advances in molecular beam epitaxy (MBE) technology allow the precise control of growth parameters, which critically affect scattering mechanisms and carrier mobilities, and offer high material quality, with long carrier mean-free paths and high mobilities. establishing micro-photoluminescence (μPL) as a viable technique for characterizing the carrier concentration in GaAs quantum wells (QWs) and for investigating possible small local density variations in these 2D systems.
We begin by exploring the PL spectra of a set of 2DESs confined to single-sided delta-doped, MBE-grown GaAs QWs of various QW widths on (001) GaAs substrates. We compare The QW PL spectrum has a characteristic shape with a strong maximum near the bottom of the QW band, at E , and a Fermilike shape at E + ΔE. Both points can easily be determined from the derivative of the PL spectrum: E is a zero of the derivative, while E + ΔE is a local maximum. Taking into account the Burstein-Moss shift, the Fermi energy is , where ΔE is the energy difference between the PL spectral peak at E corresponding to the bottom of the band, and the high energy edge of the PL spectral wing related to maximal Fermi filling, and and are the effective electron and hole masses, respectively. Since for a 2D system n = g E , where g = 2.8× 10 meV cm is the As the electron density increases, the Fermi edge shoulder extends to higher energies since more states in the QW are occupied. The E peak moves to lower energies as the bandgap decreases with higher electron density. In several of these μPL spectra, a pronounced peak emerges near 818 nm, which is attributed to the free exciton peak in high quality GaAs.
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The dependence of the μPL spectra on the QW width is summarized in Fig. 3 (b) for 6 samples of nominal 2D density n ≃ 3 × 10 cm with various QW widths measured at 7.2 K.
When the QW width is large, the traces exhibit a strong peak at E and a pronounced shoulder near the Fermi edge. As the QW width gets narrower, the height of the Fermi step gradually becomes less pronounced, degrading at 11.5 nm and eventually disappearing in the 10 nm QW spectrum. A zero height Fermi edge step makes it impossible to see the location of the Fermi edge, which causes the PL spectrum to resemble that of an empty QW. We speculate that this behavior might be due to the fact that the 2D holes produced by photon absorption get trapped near zero momentum in QW width fluctuations at the narrower QWs. The corresponding densities of the samples, measured with PL and transport, are summarized in Table I .
Except for the narrowest QWs, the PL and transport densities agree to within 12%. unbiased spectrum shown in Fig. 3(b) , while as the bias becomes negative, the E peak moves closer to the Fermi edge.
In all cases, the Fermi edge remains at the same energy but, as the carrier density gets very low, it starts to look like the spectrum of an empty QW. Note that placing the Ti gate on the top surface of the sample reduces the carrier density measured with PL from 3.21 to 2.49 × 10 cm . This shift is real and is confirmed in the transport measurements. n > 1.5 × 10 cm above which the μPL technique is found to be reliable. Overall, the PL and the transport measurement agree very well for a large range of front-gate voltages across which the carrier density changes by a factor of 2. We find the PL measurement to be sensitive to carrier density variations as
small as 10 cm .
To summarize, our data reveal that the PL spectra exhibit a strong peak near the bottom of the QW, at E , and a 
